The pink sugar cane mealybug, Saccharococcus sacchari (Cockerell) (Homoptera: Pseudococcidae), is common to all countries that grow sugar cane and is almost the exclusive species of mealybug found on commercially grown sugar cane in Australia (22) . Although mealybugs can act as vectors of disease, this has not been demonstrated for S. sacchari (17) . Nevertheless, its body fluid can suppress germination and early growth of cane; heavy infestations, which result in the production of copious quantities of exudate in the leaf sheath pocket (Fig. 1) , have been implicated in processing difficulties during sugar manufacture (17) .
An extensive search of the literature failed to reveal any published work on the microbiota of the external surface of mealybugs. Nevertheless, their sugary exudate (honeydew) (33) should provide a suitable medium for the growth of microorganisms, in particular, acetic acid bacteria. With regard to the latter, Wiggins (42) suggested that acetobacters could be the source of 2-ketogluconic acid detected in freshly extracted sugar cane juice.
Acetic acid bacteria are known to be carried by insects such as the honey bee, which is a consistent source of gluconobacters (25) . Various insects are implicated as carrying species of Acetobacter, Gluconobacter, and Erwinia to pineapple flowers, where one of their metabolic products, 2,5-diketogluconic acid, causes a pink discoloration of canned fruit (11) . In general, gluconobacters prefer sugarrich niches, whereas acetobacters predominate in an environment containing ethanol (16) .
The present study was carried out to ascertain the acidophilic microbiota associated with S. sacchari and other insects present on commercial crops of sugar cane in Aus- tralia. Mealybugs were established as the only significant vector of acetobacter-like bacteria, which, along with acidophilic yeast species, were probably the primary surface colonizers of developing cane tissue. The ecological role of the acetobacters in protecting S. sacchari is also discussed. * 
MATERIALS AND METHODS
Composition of insect exudate and leaf sheath fluid. Honeydew was collected with the aid of a micropipette as it was being excreted in minute droplets from the anuses of numerous adult female mealybugs actively feeding on field-grown sugar cane. Diluted honeydew was also sampled from within the leaf sheath pocket (Fig. 1 ). In addition, the exudate remaining on leaf blades where leafhoppers (Perkinsiella saccharicida Kirk) had fed was collected. All samples were immediately cooled to 5°C before the assay.
Samples of exudate were analyzed for pH, refractometer brix (grams of solids per 100 grams of solution) and composition of sugars by high-performance liquid chromatography (21) . The following components were assayed on composite samples: nonvolatile organic acids by high-performance liquid chromatography (4); volatile fatty acids by gas chromatography (41); ethanol by a method based on direct-injection gas chromatography (13) ; total nitrogen by a micro-Kjeldahl method (6); and, after an initial nitric-perchloric acid digestion, phosphate by a vanadate-molybdate-yellow system (9) and potassium by flame photometry (10 (37) . However, ketogluconic acids from culture filtrates were measured by high-performance liquid chromatography with an Aminex A-28 anion-exchange column (4) rather than by thin-layer chromatography. These acids were determined after growth for 10 to 14 days at an initial pH of 3.0 in 3% glucose-0.05% soy-peptone (GSP) medium at 28°C. The production of a capsular polysaccharide was examined by staining cells with India ink (18) .
Selected bacteria were also grown for determination of cellular ubiquinones (12) , fatty acids (45) , and type of flagellation by transmission electron microscopy after osmium vapor fixation. DNA was prepared by the method of Marmur (26) , and DNA base compositions were determined by the thermal denaturation method (27) with Escherichia coli ATCC 11775 as an internal standard (35) . Yeast species were identified with the aid of the API 20c auxanogram kit (API System S.A., France) and phenotypic characteristics described by Kreger-van Rij (24) .
The following reference cultures were used in this study: Acetobacter aceti NCIB 8621; A. liquefaciens IFO Other physiological tests. The presence of nitrogen-fixing bacteria associated with mealybug colonies was investigated by the acetylene reduction assay. As a control against diazotrophs within the phyllosphere (20) , leaf blades were first removed from the cane. Sections of whole cane infested with actively feeding mealybugs were placed in gas-tight glass jars (1.5 liters) and incubated (25°C in the light) for up to 8 h in air-acetylene (9.9:0.1, vol/vol). Samples (0.1 ml) were withdrawn through the Suba-seal plug and assayed for the presence of ethylene with a gas chromatograph fitted with a Porapak N column (25°C) and a flame ionization detector. One sample was incubated without acetylene as a control for endogenous ethylene production. Individual bacterial strains were also examined for nitrogen-fixing ability by growth at 30°C on the nitrogen-free medium of Rennie (32) , modified by excluding yeast extract.
The effect of anaerobic conditions on the survival of six bacterial isolates was determined by streaking actively growing strains onto prereduced plates of WL agar followed by incubation in an Oxoid anaerobic jar at 30°C for up to 28 days. Confirmation of the anaerobic environment was obtained by growth of the strict anaerobes Clostridium sporogenes (UQM 354) and Actinomyces bovis (UQM 554). Periodically, survival was qualitatively determined by subculturing strains onto WL agar plates incubated at 30°C under aerobic conditions.
The production of an antimicrobial compound(s) by strains isolated from mealybugs was examined on WL agar plates. The test strain was evenly spread over an eighth of the agar surface and incubated for 3 days at 28°C. Six well-separated cultures were then streaked from the side of the petri dish across to the lawn of the test strain. After a further 3 days, the zone of inhibition was recorded as the percent distance between the first lawn and the closest appearance of growth along a streak.
The procedure was repeated by replacing the bacterial lawn with 0.2 ml of either a 10-day-old single-strain culture in GSP broth (filtered through a 0.45-,um-pore-size membrane) or an authentic organic acid. Acetic, propionic, n-butyric, 2-ketogluconic, 5-ketogluconic, and 2,5-diketogluconic acids were employed. All Isolation and characterization of strains. All female mealybug instars examined (males are very small and less common [22] ) supported a population of bacteria that fit the definition of members of the family Acetobacteraceae (14) . However, only 9 of the 135 strains isolated from cane washings were identified to the level of species. Those identified were A. aceti (five strains), A. liquefaciens (one strain), A. xylinum (one strain), and G. oxydans (two strains). Of the 62 isolates from mealybugs (MB biotype isolates), the only species identified was G. oxydans (two strains).
Based on the phenotypic characteristics, the majority of all unidentified strains were similar to the intermediate strains assigned to the genus Frateuria (37) . However, key chemotaxonomic components were not of that genus but of A. liquefaciens in the subgenus Gluconoacetobacter (44, 45) ; the major cellular fatty acid was C18:1, with a trace of C14:0, and they contained the ubiquinones Q10 and Q9. Nevertheless, in contrast to gluconoacetobacters, these strains were unable to oxidize acetate to carbon dioxide, "overoxidation" of ethanol (oxidation via acetic acid to carbon dioxide) was poor if it occurred at all, flagella appeared to be polar, and cells generally grew in 0.5% yeast extract or 0.5% peptone liquid medium. The key taxonomic features differentiating the predominant mealybug biotype from similar (phenotypic) species are presented in Table 2 .
The predominant MB isolates from actively feeding mealybugs appeared most closely related to A. liquefaciens. The remaining intermediate strains from inactive mealybugs and cane washings generally did not produce -y-pyrones and exhibited a wider range of phenotypic characteristics. However, a common characteristic was the production of capsular material around cells.
Yeast species represented the other isolates on WL-3 agar plates, despite the presence of 0.05% cycloheximide. Lactic acid bacteria were not isolated. Although an extensive assessment of the yeast species was not undertaken, acidophilic species isolated (without cycloheximide in WL-3) from mealybugs and sugar cane included Torulopsis candida, T. glabrata, Candida brassicae, C. guilliermondii, C. valdiviana, Rhodotorula rubra, and Cryptococcus laurentii. In common with the bacterial isolates, most produced considerable exopolysaccharide. Strains of the seven yeast species were maintained for the assay of inhibitory components.
The MB isolates are associated with S. sacchari at all stages of its life cycle on sugar cane, both above and below ground (eggs were not examined as they hatch within a few minutes of oviposition). The ratio of acetic acid bacteria to yeast cells on mealybugs varied with instar stage and feeding activity. The highest predominance of bacteria was found on the actively feeding adults and their first instars on aerial storage tissue during the summer months. An adult female mealybug actively feeding on aerial storage tissue typically carried at least 106 acetic acid bacteria, whereas less active adults as well as the underground mealybug population generally maintained fewer than 104 bacteria per insect. Furthermore, yeast species were always present on aerial mealybugs, whereas molds were more frequently cultured from the underground specimens examined. No acidophile was isolated from surfacesterilized mealybugs. The mealybug parasitic fungus Aspergillus parasiticus (34) (44) .
f The C18:1 acid is a monounsaturated straight-chain fatty acid with 18 carbon atoms, whereas i-C15:0 is a 15-carbon saturated fatty acid with a methyl branch on the penultimate terminal carbon (iso branch) (45) .
MB isolates grew on N-free agar plates incubated under aerobic conditions. In the absence of oxygen, no growth was observed on WL agar, but cells remained culturable for at least 28 days.
The results of assays of a diffusible inhibitor(s) indicated that most unidentified isolates did not cause significant inhibition. On the other hand, two isolates from leaf sheaths (LS biotype isolates), 1829 and 1831, brought about severe inhibition of the growth of all isolates tested. However, attempts to isolate a bacteriocin failed, since the inhibitory component of culture filtrates was lost on removal of acetic acid by freeze-drying.
In general, neither the volatile fatty acids nor ketogluconic acids (up to 1%, vol/vol) inhibited growth when assayed by the agar plate method. The one exception was n-butyric acid, which totally inhibited a few LS isolates when applied at 1.0%. In contrast, acetic acid (0.1%) in liquid culture (GSP medium) totally inhibited most LS isolates and the yeast species, whereas the MB isolates tolerated up to 0.4% acetic acid.
DISCUSSION
Unidentified acetic acid bacteria were the predominant isolates from the pink sugar cane mealybug and surrounding tissue when cultured at pH 3.0, the acidity of mealybug honeydew. Such a low pH could account for the failure to isolate lactic acid bacteria, which are commonly associated with sugar cane (28) . This low pH probably results from the large amounts of acetic and ketogluconic acids produced from sugars and ethanol by the acetic acid bacteria behind the leaf sheaths of sugar cane (Fig. 1) .
The association of the MB biotype with S. sacchari throughout its life cycle on sugar cane, both above and below ground, strongly implicates mealybugs as the primary vector of these bacteria. Also, as the first-instar mealybugs reach developing sterile cane tissue by squeezing between the leaf sheath and stem tissue (22) , the MB isolates would appear to be the primary colonizers of aerial sugar cane. This contrasts with the situation in other plants, where the typical aerial plant surface is predominated by species of Erwinia, Pseudomonas, Flavobacterium, Xanthomonas, Lactobacillus, or Corynebacterium (5). Acetobacters and yeast species appear to predominate around the mealybug niche until the mealybugs die out; thereafter, less acid-tolerant genera predominate, including strains of Erwinia herbicola and Leuconostoc spp. (unpublished data).
The limited population of acetic acid bacteria found on leafhoppers was not surprising, even though leafhoppers were observed to walk over sites of mealybug infestation. They are probably a poor vector for acetic acid bacteria, given the high pH and dehydrating nature of their exudate (Table 1) and that they feed on the leaf blade, well away from the leaf sheath pocket (Fig. 1) . Likewise, aphids and linear bugs feed on the leaf blade and did not support an acetic acid bacterial population. Nevertheless, at times leafhopper infestations are high, and sucrose from their exudate washes down into the leaf sheath pocket region. Direct evidence of this washing is seen by the higher level of sucrose in leaf sheath fluid (see above) compared with that generally found in mealybug exudate ( Table 1) .
The taxonomy of the MB isolates is to be the topic of a future publication. Nevertheless, they are tentatively classified as species of the genus Acetobacter. Recently, Gillis et al. (19) identified a select group of our strains as Acetobacter diazotrophicus based on phenotypic traits, protein gel electrophoresis, and N2-fixing ability. Furthermore, initial DNA-DNA homology studies carried out in our laboratory suggest that there are other species among the isolates (unpublished data).
In assessing the potential for N2 fixation at sites of mealybug infestation, no acetylene reduction could be demonstrated under simulated field conditions. However, the (8) reported that similar sugar cane isolates fix nitrogen at pH 2.8. Furthermore, as reported above, five of our isolates have been shown to fix nitrogen by Gillis et al. (19) . The ability to fix nitrogen may greatly assist this unique group of bacteria to predominate in their environment of a high C/N ratio.
In relation to the poor ability to overoxidize ethanol, a recently described species, Acetobacter methanolicus, exhibits this trait (38) . Furthermore, it is well known that acetobacters do not completely oxidize acetate in the presence of ethanol (23) . Such a trait may be beneficial and may contribute to the limited number of biotypes isolated from mealybugs. For example, given that the bacterial biota of mealybugs is associated with yeast species that are more sensitive to acetic acid, the inability to completely oxidize acetate may aid in containing yeast growth. Thus, the continuous production of exudate could allow ethanol production by yeast cells, which in turn promotes the rapid growth of acetic acid bacteria. The coproduction of ketogluconic acids and -y-pyrones with associated lowering of the pH would also increase the selection against most other microorganisms, including the mealybug parasite Aspergillus parasiticus. Therefore, the mealybug microbiota could be analogous to that on human skin, where the fatty acids produced by the resident population influence their predominance over other bacteria (39) .
In contrast to suppressing mold attack, the acetic acid bacteria and yeast cells may stimulate the predation of S. sacchari by larva of the fruit fly Cacoxenus perspicax (Knap) (22) . If a parallel can be drawn with the fruit fly larvae that feed on necrotic prickly-pear (Opuntia spp.) tissues (3), then acetic acid bacteria alone could be sufficient for the complete development of the flies (40) . Yeast species also can sustain the flies (3), and their production of volatile compounds could be an important insect attractant. Persistence of acetobacters may be aided by their unusual uncoupling of growth from acetic acid production, as demonstrated with A. aceti (2) . In contrast, gluconobacters would produce little acetic acid in the mealybug environment, as their metabolism would largely be directed toward producing ketogluconic acids and -y-pyrones (30) . Furthermore, the ability of sugar cane isolates to survive prolonged periods of anaerobiosis could well aid in their predominance under field conditions. For example, after heavy rain, the leaf sheath fills with water, and the environment goes through cycles of oxic and anoxic conditions during periods of light and dark, respectively (unpublished data). As the level of liquid falls, the return to aerobic conditions could allow recolonization of this niche by the surviving acetic acid bacteria.
The general production of capsular material around bacterial and yeast cells isolated from mealybugs is probably an additional survival mechanism. The high C/N ratio found in the leaf sheath environment would favor the biosynthesis of polysaccharides (36) . Extracellular polysaccharides have been associated with nutrient scavenging (5), resistance to desiccation (36) , and specific and nonspecific attachment to surfaces (31) . Furthermore, acetobacters are known to synthesize a range of linear oligosaccharides (1) , which have been implicated in the osmotic adaptation of numerous gram-negative bacteria (29) .
The MB biotype is not restricted to the pink sugar cane mealybug, S. sacchari. Instead, these bacteria may be the autochthonous microbiota of mealybugs, given their presence on other genera (D. brevipes and Planococcus sp.) feeding on various host plants. Thus, the MB isolates are probably much more widespread in nature than is suggested from the work of Cavalcante and Dobereiner (8) .
